With the use of dynamic Monte Carlo simulations, the necessary conditions for the collapse from a random-coil denatured state to a structurally unique fourmember fl-barrel native state of a model globular protein have been investigated. These systems are free to roam through all of configuration space-both native and nonnative interactions are allowed. The relative importance of hydrophobic and hydrophilic interactions and the presence or absence of statistical bend-forming regions for the formation of a unique native state are examined, and the conditions necessary for a denatured-to-native (and vice versa) conformational transition that is thermodynamically all-or-none and which always results in collapse to the same, four-member fl-barrel are explored. These conditions are found to be a general pattern of hydrophobic/hydrophilic residues that allows the native state to differentiate the interior from the exterior of the protein and the presence of regions that are, at the very least, neutral toward turn formation. The former set of interactions seems to define the mean length of the f-stretch, and the latter set serves to lock the native state into the lowest free energy state, the native conformation. These folding simulations strongly suggest that the general rules of protein folding are rather robust and that site-specific tertiary interactions are only involved in structural rine tuning. The conditions required for the formation of a structurally unique native state from a manifold of collapsed conformations that are originally quite close in energy is highly suggestive of a mechanism of protein evolution by means of random mutations. The implications of these folding studies for such a mechanism are qualitatively explored.
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Although the equilibrium conformational transition of globular proteins has long been studied, many fundamental questions about the process remain unanswered (1) (2) (3) (4) (5) (6) (7) . Is there any native-like secondary structure (a-helix, P-pleated sheet, native-like turns) present in the random-coil denatured state (D) (8) ? What is the role of short-vs. long-range interactions in determining the stability ofthe native state (9) (10) (11) (12) ? What is the role played by site-specific interactions in determining the uniqueness ofthe native conformation? Does the general pattern of hydrophobic and hydrophilic residues determine the overall topology, with site-specific interactions "fine tuning" the native state, or must such interactions be explicitly enumerated, with the overall tertiary structure being extremely sensitive to local details? What is the role of the loops and bends (9, 11, 12) ? Finally, for small globular proteins, what makes the conformational transition all-ornone, even though the free energy of stabilization per residue is small (7)?
Basically, two complementary theoretical approaches have emerged to attack the protein-folding problem. In the first, one attempts to use a very realistic potential energy surface, in many cases including the solvent explicitly (13, 14) . One then stimulates (typically using the technique of molecular or Brownian dynamics) the equilibrium and dynamic properties of the protein. Unfortunately, the characteristic time scale of these simulations is on the order of tens to hundreds of picoseconds, and they typically require the crystal structure of the folded state to serve as the initial configuration. Similarly, hybrid-folding approaches based on local energy minimization are intrinsically limited to the very small polypeptides (15) . The complete folding or unfolding of a protein would require computers at least a million times faster than those that are presently available. Moreover, even if it were possible to fold a protein with all the myriad of interactions included, one would be no closer to elucidating the general rules of protein folding-i.e., given a very complicated many-body potential, dissecting out the essential elements that direct the folding from those that merely contribute to the structural fine tuning is difficult.
Thus, we are attempting to find a minimal set of interactions that faithfully reproduce in a qualitative sense the globular protein conformational transition (16) (17) (18) . In particular, the model protein must be able to freely hunt through all of configuration space to find the native state (not specified in advance) that it prefers. Interactions between all residues are allowed. For the small model proteins discussed below, the conformational transition must be all-or-none. A given molecule must either be a member of the denatured state population or it must fold to a structurally unique native state; of course, small structural fluctuations in the latter occur, as they do in real proteins.
Clearly, for the above approach to be viable, algorithms that surmount the multiple minima problem must be used. We use a Monte Carlo (MC) technique that is efficient at sampling the broad expanse of the denatured state as well as the rather steep confines of the native state. In a previous series of publications (16) (17) (18) we demonstrated for 3-barrel-like proteins that the folding to a thermodynamically unique native state requires a small amount of secondary structure in the denatured state. This acts to prepartition configuration space and guide the folding process. Moreover, in these models all interactions are the same for all the residues. While the resulting "homopolymeric" 3-barrel model protein exhibited a number of qualitative aspects of globular protein folding, it did not fold to a structurally unique state; rather, a spectrum of folded structures resulted.
How then can the basic model be improved to more accurately model the globular protein-folding processes? The introduction into the primary sequence of regions that have a statistical tendency to form turns is one possibility (9, 12, (19) (20) (21) . These tTo whom reprint requests should be addressed.
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fluctuations (e.g., shifts in registration of the residues). If a tight bend forms in a region that is not particularly hydrophobic, then the shift of hydrophobic residues previously found in the interior of the P-sheet into the turn region would result in a free energy increase. Thus, bends could act to reduce conformational fluctuations from the native state. However, the presence of loops or bends cannot in and of itself be the whole story. Consider, for example, the formation of a ,-hairpin (22) . There are two mirror image isomersone exposes the hydrophobic-type residues to the solvent and one buries them in the interior. Clearly, then, the presence of hydrophobic and hydrophilic type residues must be introduced. This is done in a very naive way described below.
In the present paper, we investigate the folding transition of a hypothetical four-member p-barrel protein, which is a major structural element in the Greek key and chymotrypsinlike motifs of p-barrel proteins (22 CE is a preaveraged conformational-interaction parameter.
This parameter is used both to aid the conformational search and to include a pattern of cooperativity that is, in principle, longer ranged than between nearest neighbors down the chain. In this case, it extends to second-nearest neighbors.
Qualitatively identical results to those described below have been found on setting cc = 0. A more detailed discussion of EC is found in ref. 18 (see in particular figure 1 of ref. 18 ).
As mentioned above, a successful algorithm must be able to efficiently sample configuration space for both the denatured and native states. We employ a dynamic MC (18, 23, 24) sampling technique based on an asymmetric Metropolis scheme. A given MC sampling cycle consists of the following steps, each of which is performed on randomly chosen beads: (i) three-bond kink motion consisting of the interchange g+ -> g'; (ii) four-bond kink motion involvingg'g--+g g+ or vice versa; (iii) four-bond wave motion in which a given randomly chosen four-bond stretch having the conformation g+g-or g-g+ is interchanged with a randomly chosen two-bond stretch located somewhere else in the molecule; (iv) five-bond wave motion in which a conformation consisting of five of the six bonds that form a closed cyclohexanelike ring are interchanged with a single bond that has been clipped out from somewhere else in the chain (in steps iii and iv, the beads are renumbered so that the sequence ofresidues remains the same); (v) end-bond rotations in which an end is randomly chosen and the rotation of one or two end bonds is attempted.
For every set of parameters, at least three independent cooling and heating sequences of at least 3 x 106 MC cycles at each temperature were run. Great care was taken to ensure equilibrated systems. However, in the transition region, the number ofjumps from the N --D state (Fig. 1) 
Results
In this section we shall attempt to identify those features essential for the conformational transition from the random coil ( Fig. 1, structure D) to the structurally unique fourmember p-barrel (Fig. 1, structure N (Fig. 1, structure N To examine whether or not the general pattern of hydrophobic/hydrophilic residues is responsible for the formation of the N structure and the two-residue out.of-register nonnative conformers, we set ew = 0 in sequences B2 and B4. These systems do not collapse to a unique N; rather, an even broader manifold of collapsed conformational states is seen. All the structures are four-member barrels whose strands differ in length-i.e., there is hypervariability of bend location. The various conformational states do not differ in free energy by an amount sufficient to ensure the u ique formation of the lowest free energy N conformation. Examples of this kind of nonunique collapse transition may be found elsewhere (16-18) and need not concern us further.
We next investigate what features can provide a faithful representation of the globular protein-folding transition. One possibility is to introduce into the primary sequence the presence of regions where bend formation might be preferred. We begin with the primary sequence of case B: B1(11)B2 (11)b2B3 (12)B4(12) where the tertiary interactions are the same as in case A above except for those involving residues 21-23 (i.e., the central bend region) where Eg EC = Eh = EW = 0. These residues are neutral toward formation of the central bend. In the previous case, central bend formation costs 3Eg, which is about 3kBT at the transition midpoint. In curve B (solid circles) of Fig. 2 we plot (S2), averaged over four cooling runs, vs. TP. Because the system does not have to pay an energetic price to form the central bend, the collapse occurs at a somewhat higher Ph. The fraction of trans states increases from about 0.589 in the denatured state to 0.782 in the native state. As in case A, a number of nonnative collapsed conformations in the transition region are seen before the N structure dominates. The central bend 21-23 now remains immobile, but the location of bends between p-strands B1 and B2 and between p9-strands B3 and B4 are seen to fluctuate, although not as frequently as in case A. Clearly the lack of bend-forming regions between strands 1-2 and strands 3-4 increases the structural polymorphism of the low-temperature-ordered conformations. Thus, we next examine those features that might produce the desired N structure as well as to extend its range of stability to higher temperatures.
Formation of the Unique 18-Barrel Structure
The most obvious step is to substitute bend neutral regions for those hydrophobic regions involving residues 10-12, 21-23, and 33-35 (i.e., all of the desired bend regions). Thus, we examine the primary sequence pattern of case C: B1(11)-b1B2(11)b2B3 (12)b3B4(12) Observe that now one has a rather faithful globular protein model. is strongly preferred and with an ft = 0.780. Each "time" step represents 75,000 cycles. It is immediately apparent that the conformational transition is indeed all-or-none (2, 4, 7, 25) . At any temperature, UN, the reduced energy of N equals -53 eg/kBT for the set of parameters chosen. At high temperature (Fig. 3a) , all the populated states are purerandom coil. In the transition region (see Fig. 3b ), the system is either a random-coil or a four-member (3-barrel structure, (UN = -43.99) with the small fluctuations in U corresponding to the wiggling of the ends. Characteristic of an all-ornone transition where intermediate states are sparsely populated (2-4, 7, 25) , the conformational transition between the denatured and native states is extremely rapid. Further cooling reduces the frequency of the jumps from native to denatured and vice versa, until by 1 = 1.111 (Fig. 3c) the system is entirely in the native state (UN = -47.70). Fig. 3a c is representative of the kind of energy (or any other parameter)-vs.-time curves seen for all the simulations.
A further step toward stabilizing these model (3-barrels can be achieved by increasing the magnitude of the attractive interactions between the strands. In case E the primary sequence is of the form B1(11)b1B2 (11)b2B3 (12) (3, 26, 27) . Unfortunately, the "interior" residues are probably poorly shielded from solvent, and these structures would be expected to be marginally stable In the sense that the conformational transition described here is all-or-none and folds to a unique structural state (with only small fluctuations about the global free energy minimum), we have identified systems that are faithful mimics of (3-barrel proteins. Of course, due to the a-carbon lattice representation a large number of finer details have been omitted. Thus, these are models of real proteins viewed at very low resolution. The topology and thermodynamics of the transition appear to be in the same class as real globular proteins, but further refinements of the method are clearly required. Nevertheless, these simple models point the way to the folding of more complicated systems, such as the Greek key motif as well as the predominantly a-helical and mixed a/(3 proteins (22) .
